On April 6, 2009 an earthquake of Magnitude 6.2 (M w ) struck the Abbruzzo region of Italy causing widespread damage to buildings in the city of L'Aquila and surrounding areas. This paper summarizes field observations made by the Earthquake Engineering Field Investigation Team (EEFIT) after the event. The paper presents an overview of seismological and geotechnical aspects of the earthquake as well as a summary of the observed damage to buildings and infrastructure. A brief overview of the earthquake casualties is also reported.
the visualisation of the geo-referenced photos taken by the team, with pre-and postearthquake satellite images for the affected areas as well as mapped faults.
The L'Aquila Earthquake

The L'Aquila Event and Seismic Hazard in the Central Apennines
The M W 6.2 L'Aquila earthquake occurred in the Central Apennines (see Table 1 for epicenters published for the earthquake). The Central Apennines is a zone of relatively high seismic activity and is located within the Africa-Eurasia collision zone, although the region itself is undergoing north-east -south-west extension (e.g. Pace et al., 2006) .
There are numerous high-angle normal faults oriented roughly north-west -south-east showing several hundreds of meters of displacement (Cello et al., 1997) . Many of the largest earthquakes that have occurred in the Italian peninsula have normal faulting mechanisms indicating extension perpendicular to the trend of the Apennine belt.
The earthquake was a shallow (c. 10 km) normal faulting event. The focal mechanism published by the Instituto Nazionale di Geofisica e Vulcanologia (INGV) indicates that the nodal planes are oriented roughly north-west -south-east and therefore consistent with the regional tectonic setting. The aftershock distribution is consistent with rupture on the south-westerly dipping nodal plane. The earthquake was preceded by a prolonged swarm-like sequence of events in the same area that began in December 2008 (see Figure   1 ). The extent to which this sequence increased the probability of the mainshock occurring is unknown. Numerous aftershocks have occurred and are located in three clusters around the largest earthquakes of the sequence (the mainshock, 7 April (5.3 M L ), 9 April (5.1 M L )). The zone of aftershocks is oriented approximately north-east -southwest and the mainshock delineates the western edge of this zone.
Historically, Central Italy has experienced many destructive earthquakes (see Figure 1) ; most recently, the Umbria-Marche earthquake sequence of September 1997, approximately 100 km to the north-west of the 2009 event, killed 11 people and caused significant damage (Spence et al. 1998) . Notable historical moderate magnitude (c. M W 6.5-6.7; Pace et al., 2006) earthquakes that have affected the Abruzzo region include 9
September 1349, 26 November 1461 (intensity X on the Mercalli Cancani Sieberg scale at L'Aquila) and the 1703 sequence (intensity XI MCS for the Norcia-L'Aquila region) (Pace et al., 2002) . In terms of its felt effects, the 2009 earthquake strongly resembles the 1461 event (Rovida et al., 2009) .
Seismic hazard in the L'Aquila region has been thoroughly investigated (e.g. Romeo and Pugliese, 2000; Pace et al., 2006; Akinci et al., 2009 ) and the horizontal peak ground acceleration (PGA) hazard level is found to be in the order of 0.25g for a return period of 475 years. Deaggregation analysis by Akinci et al. (2009) indicates that the 475 year PGA hazard at L'Aquila is largely controlled by large earthquakes (M W 6.5-6.7) on faults oriented parallel to the dominant structural trend. The L'Aquila fault is interpreted to contribute most to the 475 year return period PGA hazard. Thus the 6 April 2009 L'Aquila earthquake could be considered as a "design event" for 475 year return period and consequently the performance of buildings and other facilities in response to this event could be used to assess the seismic design and construction practice in the region.
Strong Ground Motion
Both INGV and the Protezione Civile Nazionale (PCN) operate strong motion networks in the area. INGV also deployed a network of temporary sensors following the mainshock. Table 2 presents the peak ground accelerations (PGA) recorded by the RAN (Rete Accelerometrica Nazionale) network of PCN within 50 km from the epicentre. Figure 2 shows the PGA values as a function of the Joyner-Boore (R jb ) metric distance (Abrahamson & Shedlock, 1997) for the entire RAN network (56 recordings). In this figure the data is separated according to site condition at the recording station using the soil classification system of Eurocode 8 (EC8, 1998). For comparison purposes Figure   2 also shows the PGA values given by the Akkar and Bommer (2007) ground-motion predictive equations (GMPEs). The Akkar and Bommer (2007) predictions are presented for rock, stiff soil and soft soil site conditions, the equation parameters were set to normal faulting and the ground-motion predictions were adjusted from the geometric mean to the largest component following Beyer and Bommer (2006) . The latter adjustment is required since the RAN data is for the larger of the two horizontal components. Please note that the vertical scales are different on each plot A comparison between the acceleration response spectra from recorded ground motions and the elastic acceleration spectra of Eurocode 8 (EC8 Type 1, 475 year return period) is shown in Figure 3 . The records from two sites on rock have been selected; one located within the near-source region station (GSA) at 8.6 km from the source and the other (CNL) at 20 km, both using the R jb distance metric. The original recordings were processed using a bandpass Butterworth filter and using linear base line correction.
Although it is recognised that identification of significant trends is not possible based only on two recordings it can be seen from Figure 3 that the short period ground motions in the near-source area (GSA station) were higher than those indicated by the elastic spectra and those at medium distances (CNL station) were lower than the elastic spectra. These near field, short period ground motions are likely to have had the largest effect on low-rise buildings (up to four storeys).
Geotechnical Observations
Fault Related Surface Rupture
A zone of tension cracks was observed at Paganica and Tempera. The predicted fault surface rupture model indicates the strike and dip of the fault plane to be 143 and 60 degrees respectively and is predicted to occur approximately 9km northwest of the INGV epicentre. The tension cracks observed may be consistent with a normal faulting model with rupture initiating at a depth of approximately 10km, as indicated by the hypocentral depth and focal mechanism of the earthquake (see Section 2.1) .
The observed tension cracks extended over approximately 1km with individual cracks measured over 5 to 20m in length. A 700mm diameter high pressure water pipe, which crossed the alignment of the tension cracks at Paganica ruptured during or soon after the earthquake, and was under repair at the time of the EEFIT visit to the area (see Figure 4) .
A total of 49 measurements of the tension cracks at 6 sites (a grassy slope, 2 tarmac roads, a cement floor, a soil bed and a concrete pavement) show the fault slip vector azimuth, plunge and strike of the fault is 219, 57 and 110 degrees respectively. An average of 50mm (maximum 90mm) horizontal and 50mm vertical displacement was measured at the surface, corresponding to 70 to 100mm of surface slip. At Tempera cracking was observed crossing a tarmac single lane road at several locations. Individual crack lengths could only be traced across the width of the road for 3 to 4m with maximum displacement in the order of 50mm horizontally and 50mm vertically but more typically 5-10mm horizontally and 5-10mm vertically. At Tempera a set of 8 sub-parallel cracks were observed at roughly equal intervals over 200m. These findings are consistent with preliminary results found using InSar (http://www.esa.int/esaMI/Space_Engineering/SEMF780PFBG_1.html#subhead1) , focal mechanisms of the main shock and with the regional tectonics which is dominated by northeast-southwest extension. The InSar shows the maximum subsidence occurred near the village of Onna, where some of the worst damage was observed.
Tension cracks were also observed to cross a concrete retaining wall, concrete floor slabs and exterior walls of reinforced concrete frame modern residential buildings (see Figure   5 ). The tension cracks have been categorised into three categories (following the mapping practice followed by geologists from the Italian Civil Protection working in Paganica, who met with EEFIT in the field and provided us with a map of the cracks they had measured):
 tectonically induced (cracks cross green-field and man-made features but does not display orientation control by the man-made features),  structurally controlled (cracks follow alignment of man-made features such as building joints, pavement joints or tile boundaries), and  settlement related (cracks located on steep slopes where slope displacement is interpreted to be largely controlling the displacement).
Creep displacement appears to be ongoing on some of the features. For example, in Paganica, the EEFIT team measured a 1 degree rotation in a crack in a retaining wall in a two day interval. It was noted in the field that extensometers have been installed to monitor the movement on the cracks by the Italian Civil Protection. 
Liquefaction
No direct evidence of liquefaction was observed. Tension cracks and lateral spreads adjacent to the Aterno river and to an artificial lake (Lago Sinizzo) were observed but it was not possible from field evidence to determine whether these features had occurred as a result of liquefaction or by failure of a low shear strength cohesive soil layer.
Earthquake Induced Slope Instability
The region is surrounded by mountainous topography with steep slopes and there is evidence of ongoing pre-earthquake slope instability on steep slopes throughout the region. However, small rock falls, interpreted to have been caused by the earthquake, were also observed. At Fossa a rock fall of approximately 300m³ occurred from the steep rock slopes above the town, with individual boulders of 1 to 2 m³ travelling down into the town and damaging buildings and cars. Another large rock fall was observed on the road between Paganica and Camarda. This rock fall appeared to have blocked the road but had been cleared by the time of fieldwork. Typical smaller rock falls from natural and cut slopes were observed at many locations, for example a 3m³ rock planar failure on a cut slope adjacent to Lake Sinizzo (Lago Sinizzo) as shown in Figure 6 .
Figure 6
Lake Sinizzo: a small rock planar failure from ~4m high cut slope (left) and slumping in fill around the edges of the lake.
Slumping of the man-made ground around Lake Sinizzo was observed ( Figure 6 ). Tension cracks were observed around the edge of the lake in the man made deposits around the lake. The individual tension cracks could be traced for 5 to 20 m and formed arcuate features around the lake edge. The majority of the landsliding at this location was restricted to the opening of tension cracks and lateral movement of 0.5 to 1m with movement toward the lake. Tension cracks could be measured to extend to greater than 1m depth where the cracks were infilled with water. In some cases the sliding toward the lake was more extensive with horizontal travel distances of 5 to 10 m in two cases. The failure volumes in these two cases were in the order of 30 to 40m³.
Effects of the L'Aquila Earthquake on Buildings
The damage observed from the L'Aquila earthquake varied substantially depending on the location, building typology, age of construction and condition. In order to gain a better understanding of the seismic vulnerability of construction in this area, this section first provides a brief description of the development of seismic codes in Italy, and of design base shear values for structures in the L'Aquila region. An overview of the damage observed in the field by the EEFIT Team is then presented and damage to different structure typologies illustrated in more detail.
Brief Overview of the Development of the Italian Seismic Code
The first seismic code in Italy was developed in 1909 following the 1908 Messina Earthquake. This code contained guidance on siting of buildings, good construction practice, and limited the heights of buildings . In 1916, quantitative lateral design loads were introduced that equaled 12.4% of the structure weight (W 1 ) applied at the ground storey and 16.6% applied to storeys above ground. The structure dead loads were also increased by 50%W 1 to account for the vertical component of ground motion . The first seismic hazard map of Italy was developed in 1928 (Reggio Decreto n. 431) and divided Italy into two zones: areas of high and low seismicity. However, these zones only included those areas that had been hit by earthquakes since 1908 (De Marco et al. 2000) . In July 1933, Regio Decreto n.29, (referred to in Fralleone and Pizza, 2000) the vertical seismic loading was reduced to 40%W and lateral seismic loads relaxed to 10%W uniformly distributed along the structure height in zone 1 and 7%W in zone 2. Furthermore, the live loads included in the structure weight calculations were reduced to 0.3 of their total value, hence W (used to signify the sum of the building dead load plus 0.3 of the live load) is smaller than previous W 1 . The 1933 code was subsequently updated several times through a series of Government Decrees and Circulars. Of special notice is Law no.64 of 1974 (Legge 2 Febbraio 1974 n.64) and subsequent Governmental Decree in March 1975 (DM 3.3.75 N.40) , which for the first time introduce the concept of response spectra to the seismic design of buildings in Italy and was the first seismic code to cover the whole Italian territory. It set up a framework for future code updates and code enforcement. Within the 1974 code an equivalent lateral load method is used for the calculation of the seismic loads and a working stress approach is used to design structures.
The total horizontal seismic load F is calculated from Equation 1 below.
Where, C, the numerical coefficient of seismic intensity is calculated according to 
Where, S d (T 1 ) is the design spectral acceleration, evaluated using the same response spectrum equations as in Eurocode 8 (not reproduced here). H is the height of the structure in meters and C is a coefficient which takes the value of 0.085 for steel frame structures, 0.075 for reinforced concrete frame structures and 0.05 otherwise. λ is a coefficient that takes a value of 0.85 if the structure is 3 or more storeys high and if T 1 < 2Tc (where Tc is the period defining the end of the spectrum plateau, which value depends on the site soil classification), or a value of 1.0 otherwise. W is the weight of the structure, calculated from the combination of the permanent dead loads and a portion of the live loads (approximately 1/3). The behaviour factor equation is given by:
Where, q 0 is the basic behaviour factor which has different values for different types of structural type. For example, q 0 = 5.85 for a multi-storey, multi-bay moment resisting RC frame. K R is a regularity coefficient that takes a value of 1 or 0.8 for structures that are regular or irregular in elevation, respectively. K D is a coefficient that represents the ductility class and takes a value of 1 or 0.7 for high and medium ductility classes, Table 3 ). The statics show that while the proportion of RC buildings in L'Aquila is comparable to the national average, the age range of the building stock is more recent, indicating that more buildings than the national average were built when more stringent seismic codes were in force. Figure 8 shows the locations surveyed by EEFIT in and around L'Aquila with a summary estimate of the EMS-98 intensity (Grünthal, 1998) in each city based on damage surveys carried out by EEFIT. These surveys were not comprehensive macro-seismic surveys and were carried out in a small time window, sometimes for only part of the village/town visited, with the purpose of gaining an overall understanding of the extent of the affected area. These are reproduced in Figure 9 and Table 4 ).
Overview of Building Damage Observations
Figure 9
Graphs of damage frequencies observed in several affected cities, based on small surveys by EEFIT (see also Table 4 ).
It can be seen from the damage statistics reported in Table 4 that the pattern of damage is such that the historic stone masonry buildings without any restoration and retrofitting experienced substantial damage ranging from extensive to collapse. Those buildings with steel ties and reinforced concrete (RC) ring beams performed relatively better with damage mainly ranging from slight to moderate, with only some extensive damage.
Reinforced Concrete (RC) construction generally performed well compared to masonry buildings. The following sub-sections provide an overview of the performance of these building classes as observed by the EEFIT Team. It brings together observations made in 14 different areas in order to generalize performance. An overview of damage to industrial facilities, schools and hospitals is also provided.
Damage to Reinforced Concrete Buildings
The should have resulted in the severe damage or collapse of a large proportion of these buildings near the earthquake source. In practice, in the majority of towns in the earthquake source region, and in L'Aquila itself, the reinforced concrete frames were mostly undamaged with varying levels of damage to the infill panelling only (e.g. Figure   10 ). This makes the buildings repairable but the extent of infill damage sometimes precluded immediate re-occupancy. Structural damage was rare, meaning that most frames resisted the earthquake loads elastically. This is inconsistent with the expected behaviour based on design load comparison. This "extra strength" may be due to a number of features relating to the structure (e.g. overdesign or positive contribution of infill panels) or the earthquake strong ground motion (e.g. low amplification over structural frequencies of interest for the taller buildings). Some RC buildings did collapse. Examples of these are three observed soft-storey failures in Pettino (2) (see Figure 11 ) and San Gregorio (1). In all these cases failure was precipitated by irregular stiffness in elevation. Poor detailing of reinforcement in connections was evident as well as lack of confinement in columns. These structures date from the mid 1980s and although contained a degree of seismic design, did not include capacity design and pre-date the limitations posed by the 1996 code on stiffness irregularities between stories in elevation (see section 4.1).
Figure 11
Three storey RC frame with soft-storey failure in Pettino.
Three major failures to RC frames were also observed by EEFIT in L'Aquila Centre: the Hotel Duca degli Abruzzi (Figure 12 ), the Aquila University halls of residence, and a 5 storey (with basement) residential building. In all cases the buildings were interpreted to have been constructed in the late 1970's. In each case a section of the building underwent total collapse. The Hotel Duca degli Abruzzi seems to have failed through a combination of soft-storey mechanism formation exacerbated by sloping topography. Poor detailing of column reinforcement was observed with smooth reinforcing bars and inadequate confinement steel (Figure 12 ). In the case of the halls of residence, it was not possible to identify the failure mechanism due to site clearance for rescue. However, from exposed connections and rubble, smooth reinforcement was again present. In the residential building one of the main problems is seen to be the lack of transverse reinforcement in columns and connections. Columns seem to have failed in compression before beam yielding. Although the design loads are expected to have been exceeded, the collapse mechanisms observed indicate a lack of robustness and redundancy of members and poor general design that is worrying. Few modern RC buildings were observed but where seen were undamaged or sustained slight non-structural damage. An example of this was observed above the town of Paganica. A series of modern 3 storey residential houses were virtually undamaged by the strong ground shaking, despite being located near Paganica old town centre that suffered 90% damage to its masonry buildings. Figure 13 shows a three storey RC Frame with clay full brick infill that was built in 2001. Evidence of strong ground shaking was observed through falling objects in the house as well as radiator pull-out from wall and wardrobe pounding. However, the house suffered only minimal hairline cracking between infill and frame. 
Masonry Buildings (Residential and Historical)
Masonry construction is the predominant building type for residential housing in the affected area (see Table 3 allowed to be of maximum height 11m (1996 code). Given the strong observed ground motion in the epicentral region it is unsurprising that so much damage resulted in masonry structures. High frequencies of severe damage and collapse were observed relatively far from the earthquake source. Some of the higher than expected levels of damage may be due to soil amplification of the ground motion but the majority of damage is interpreted to be due to poor connections, flexible floor and roof structures and lack of maintenance in the buildings. buildings was greater than that observed in the masonry residential buildings. Walls adopted larger cut stone, however the same "a sacco" technique of building was used for walls. Corner stone quoins were always observed in these buildings, whereas they were not always present in residential masonry buildings. Furthermore, strengthening measures were commonly seen.
Over the centuries, some interventions have been made to maintain and improve the stability of masonry structures (residential and historical) with techniques that are common in the whole of Italy and Southern Europe. The introduction of iron, then steel, ties and braces to restrain the walls from horizontal movement is a common method of strengthening that was observed in the affected areas, especially in the built up areas.
Requirements that ties should be inserted in masonry structures deemed not to have sufficient connections and earthquake resistance was also introduced in the Italian seismic code revision of 1986. However, it is unclear whether this code requirement was actively enforced or if homeowners took it on themselves to add the ties. Although no statistics were obtained, many instances but not uniform use of ties was observed. Some homeowners have carried out strengthening that involves upgrading the floor through the addition of a layer of reinforced concrete, achieving a composite action with the existing floor, and achieving a floor deck with enhanced stiffness and connection with the external walls. Others have substituted timber floors with reinforced concrete slabs cast in-situ or pre-cast. RC ring beams were also observed on occasion at the roof level of masonry buildings. In the towns of Poggio Picenze and San Gregorio, several houses were seen to have had wire mesh and concrete screed also added to external masonry walls to enhance their strength. surface. In massive buildings and monuments of L'Aquila, the thickness of the walls at lower levels meant that the tension forces that initiate collapse of masonry were not observed. As a result damage occurred at the higher levels of the buildings, so parapets, top corners, and church timpani were the most severely damaged (Figure 15) . A large proportion of buildings also suffered wide spread cracking, in the form of X-cracks due to in-plane shear forces or cracking at the corners of openings.
Industrial Facilities
There are two industrial estates in the L'Aquila area: a few kilometres West of the City lies the Pile Nucleo Industriale and to the East of the city, off the SS17 the larger Bazzano industrial estate. Industrial sheds are built with precast RC frame and precast planks.
There were no major collapses in these structures. Only two cases of cladding collapse were observed. It should be noted that the EEFIT survey in these cases was not extensive and was carried out from the roadside. Accounts from a local consulting engineer indicate that up to 20% of the structures suffered minor damage in the form of collapse to cladding panels. The EEFIT team was able to carry out a detailed visit to the Dompé pharmaceutical company in the Pile Nucleo Industriale estate where the worst reported damage to industrial buildings occurred. The building construction is in situ concrete frame and precast planks or T-beams. The major form of structural damage consists of short-column failure (Figure 16 ). The total cost of repair works is initially estimated to exceed €10 million.
Figure 16
Short-column failure in Dompe' Pharmaceutical Plant
Interruption of production can be a significant contributor to the financial losses incurred by the industrial sector. Production in the Dompe' plant was not expected to recommence until the 7 th of May (one month after the earthquake). A pharmaceutical company in L'Aquila, which employs more than 300 people, was not expecting to reach full production until mid May (one and a half months after the earthquake). In these cases, damage to the facilities, structural and non-structural, was the cause of production disruption. In many other instances, production at the plants was hindered due to the workforce having been evacuated from their homes and living in temporary shelters, in some cases hours from the workplace. 
Schools and Hospitals
Figure 19
Elementary school in Aquila. RC frame building with infill, which sustained slight damage.
Observations on Casualties
In total, there were 305 reported fatalities and over 1,500 injuries. Table 5 shows the distribution of fatalities amongst affected towns, indicating the predominant construction type and observed intensity.
The lethality rates seen in Table 5 follow people and was situated in the army barracks at Piazza D'Armi. Camps were also set up outside majorly affected towns in the L'Aquila district. These camps were equipped with medical facilities, central catering and sanitation provisions. Around 24,300 displaced people were housed in hotels near the Adriatic coast and 9,400 found accommodation with friends and family. A policy of "evacuate all" was adopted by the Civil Protection, until all buildings are inspected by qualified engineers with earthquake engineering experience. Over 1500 engineers were deployed for this purpose, and were instructed to prioritise the assessment of lightly damaged buildings (with the aim of quickly re-housing people), and buildings of strategic importance. Experts from the Ministry of Cultural
Heritage were also sent to inspect churches and historical buildings in the area.
Conclusions
This paper presents a summary of the observations made by the United Kingdom Earthquake Field Investigation Team (EEFIT) during an eight day reconnaissance of areas affected by the 6 April 2009 L'Aquila Earthquake.
Each earthquake presents a different set of findings that enhance the understanding of buildings and infrastructure response to the effects of ground shaking. This earthquake has also provided material to support research in a number of aspects of earthquake engineering science:
 This paper has shown that some of the RC buildings closest to the epicenter performed above the design criteria. This is an area that deserves further research to enhance the understanding of "as-built" structures, and flag the buildings at risk more accurately.
 Damage to L'Aquila's main hospital gives engineers the opportunity to better understand the implications to serviceability of non-structural damage to key infrastructure.
 The collapse of multiple RC buildings in and around L'Aquila was a stark reminder of the lethality rate of RC buildings and the presence of vulnerable examples in the European building stock. Diagnostic research of the causes of these collapses will increase the ability to identify the buildings at risk and design mitigating solutions.
 The older and prevalent masonry building stock suffered widespread damage and served as a reminder of the vulnerability of this form of construction. It was encouraging to see a relatively widespread use of strengthening measures. There was evidence of the success the steel and iron ties had in preventing collapse, and the resulting body of knowledge from this event on how ties perform can help engineers demonstrate the cost and life-saving effectiveness of introducing them extensively in existing vulnerable buildings.
The L'Aquila earthquake will also be remembered as the most damaging earthquake in Western European and Italy since the Messina and Reggio Calabria event of 1908
to affect an urban environment. The impact of the damage on the dense urban setting exacerbates the impact on the economy and the ability to carry out repair work safely.
The citizens of L'Aquila deserve the full attention of the engineering, planning and architectural community to bring their city back its pre-earthquake modest grandeur and bustle. Note: Population census for the L'Aquila municipality includes all communi labeled "L'Aquila" as well as Onna and San Gregorio. In order to deduce the lethality rate as a percentage of population, the reported population of these villages are shown (marked with asterisks)
